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ABSTRACT

The goal of this study was to investigate the electrohydrodynamic atomization
(EHDA) technology to encapsulate the water-soluble first-line antiretroviral
didanosine (ddl) within poly(epsilon-caprolactone) (PCL) particles and stabilize it in
the gastric medium where it undergoes fast degradation. A preliminary study
employing a one-needle setup enabled the adjustment of the critical process
parameters. Then, a configuration of two concentric needles named coaxial
electrohydrodynamic atomization (CEHDA) led to the formation of ddI-loaded PCL
microcapsules. Scanning electron microscopy analysis showed that the
microparticles were spherical and with narrow size distribution. Attenuated total
reflectance/fourier transform-infrared spectroscopy confirmed that the most of the
drug was efficiently encapsulated within the particles, while differential scanning
calorimetry and X-Ray powder diffraction revealed that the drug was preserved
mainly in crystalline form. The loading capacity was relatively high (approximately
12% w/w) and the encapsulation efficiency approximately 100%. In vitro release
assays (PBS pH = 7.4) indicated that ddl was released almost completely within 2
h. Moreover, the delayed release was expected to isolate ddl from the biological
fluids during the gastric transit. Finally, pharmacokinetics studies in rats showed
that ddl-loaded particles lead to a statistically significant increase of the oral
bioavailability of almost 4 times and a 2-fold prolongation of the half-life with
respect to a ddl aqueous solution, supporting the use of CEHDA as a promising
reproducible, scalable and cost-viable technology to encapsulate water-soluble

drugs within polymeric particles.
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1. INTRODUCTION

Electrohydrodynamic atomization (EHDA) or electrospraying is a one-step
technique with the capability to produce micrometer or sub-micrometer particles
with narrow size distribution. EHDA is based on the ability of an electric field to
deform the interface of a liquid droplet exiting a capillary.”™ In a conventional EHDA
setup (Figure 1A), a polymeric liquid is infused at a low flow rate using a
programmable syringe pump through a capillary needle connected to a high-
voltage supply that provides an electrical potential difference (5-30 kV).>*>7 When
appropriate values of applied electric voltage and flow rate are used, the liquid
meniscus at the tip of the needle develops a symmetric conical shape (Taylor
cone); the electric charge generates an electrostatic force inside the droplet
(Coulomb force) that competes with its surface tension. Thus, a thin jet of liquid
bearing a high charge density emerges from the vertex cone and undergoes
breakup into finer droplets that are subjected to solvent evaporation in their flight to
the collector, resulting in the formation of dense solid particles."?®'° The collector
is connected at ground or negative voltage to attract the formed particles.”*"
EHDA is affected by a multitude of parameters such as electric field intensity, fluid
conductivity, solvent volatility, surface tension, density and viscosity of the sprayed
solution, polymer molecular weight and concentration, flow rate, needle diameter
and distance to the collector.?™ Coaxial electrohydrodynamic atomization
(CEHDA) is a modification of the original method where two electrified concentric
needles are used to flow two usually immiscible liquids and produce core/shell

8,13-15
(

structures Figure 1B). In the dripping mode, before applying the voltage at

the needles, the formation of concentric droplets with the outer liquid surrounding
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the inner one can be observed (Figure 1C). After the application of a voltage to
both needles and a suitable outer/inner flow rate, a Taylor cone composed of an
inner and an outer phase is formed on the needles tip'®"’ (Figure 1D) that results
in the formation of capsules.’''® A remarkable advantage of EHDA and CEHDA
over conventional techniques for the production of particles is that droplets repel
each other and therefore, particle aggregation and coalescence can be
minimized.®'%?° Also, the process can be conducted at ambient temperature and
atmospheric pressure under a continuous production setup; drug-loaded particles
with controlled size, nearly monodisperse size distribution and high reproducibility
are obtained. Furthermore, these techniques are especially appealing for the
encapsulation of water-soluble drugs because they do not require large aqueous
phase volumes (such in double water-in-oil-in-water emulsions) that favor the
migration of the drug. Consequently, a higher drug encapsulation efficiency (%EE)
is attained.” 04122

Didanosine (ddl) (Figure 2) is a water-soluble first-line nucleoside reverse
transcriptase inhibitor used in the therapy of the Human Immunodeficiency Virus
(HIV) infection.?*% The most relevant biopharmaceutical drawback of ddl is a low
oral bioavailability (20-40%) due to the fast hydrolysis to an inactive hypoxanthine
under gastric pH.?>?"?® |n addition, ddl displays a short plasma half-life of 1-2 h.?*
% |n this context, ddI is administered in buffered formulations containing antiacids
that partially neutralize the gastric medium and prevent its hydrolysis.25 However,
the chronic administration of large doses of buffering salts provokes diarrhea, renal
problems, and increase the inter-individual variability.?**' Furthermore, they can

reduce the absorption of other antiretrovirals (e.g., protease inhibitors) co-
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13" Gastro-resistant ddl-loaded

administered with ddl in the therapeutic cocktai
granules are commercially available but their relatively high cost of this product
constrains patient affordability in constrained-setting countries.* Therefore,
additional efforts are urgently called for to develop innovative dosage forms
produced by scalable and cost-effective processes.**3*

Aiming to investigate more efficient methods for the encapsulation of water-soluble
drugs, the present work investigated for the first time the encapsulation of ddl
within polymeric microparticles by a scalable electrospraying method. After the
thorough study of the critical parameters of the process, the characterization of the

properties of the different systems in vitro and the performance in vivo were

assessed with promising results.

2. MATERIALS AND METHODS

2.1. Materials

Poly(epsilon-caprolactone) with molecular weight of 14,000 g/mol (PCL44) and
80,000 g/mol (PCLgp), potassium phosphate monobasic, sodium hydroxide, zinc
sulfate and sodium acetate were purchased from Sigma-Aldrich (St. Louis, MO,
USA). ddl was donated by Richmond Laboratories (Buenos Aires, Argentina).
Dichloromethane (DCM), N,N-dimethylacetamide (DMA), methanol (MeOH) and
acetonitrile (ACN) were of analytical or HPLC grade and used as received
(Sintorgan, Buenos Aires, Argentina).

2.2. Preparation of ddI-free and ddl-loaded particles

The particles were produced using an Electrospinner YFLOW 2.2.D-350 (YFLOW

Systems and Development S.L., Malaga, Spain). First, a conventional EHDA

6
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process was used to assess the critical parameters for the formation of particles
instead of fibers: PCL molecular weight, polymer concentration, needle tip-to-
collector distance (TTC) and positive and negative voltage. Then, a CEHDA
process was used to encapsulate ddl.

2.2.1. Electrohydrodynamic atomization (EHDA). To assess the effect of the
polymer molecular weight and concentration on the formation and the morphology
of the particles, a high and low molecular weight PCL were used at the following
concentrations: PCLgp (5% and 7.5% w/v) and PCL14 (10%, 12.5% and 15% w/v).
Briefly, the corresponding amount of polymer was dissolved in a DCM:DMA (75:25,
10 mL) mixture at room temperature for 12 h. This solution was loaded into a 10
mL syringe and infused at constant flow rate (0.50 mL/h) using a programmable
syringe pump through Teflon tubing (outer/inner diameters of 3.00/1.50 mm)
attached to a stainless steel blunt needle (length of 40 mm, outer/inner diameters
of 0.70/040 mm) that was connected to the positive electrode of a high-voltage
power supply. The positive voltage was gradually increased to obtain a stable
cone-jet mode and then maintained constant during the entire experiment. A
monochrome CCD camera allowed a continuous follow-up of the process. The
sample was collected on aluminum foil (10 x 10 cm?) placed on a circular
aluminum plate (9 cm in diameter) connected to the negative electrode (-4.00 kV).
The collector was placed perpendicular to the needle and at a variable distance
from the needle tip (25-30 cm) to evaluate the influence of this parameter on
particle formation. Finally, the powders obtained were vacuum-dried (48 h) to
ensure the elimination of solvent residues, recovered from the foil with a spatula

and stored in a sealed glass vial protected from light and moisture until use. The
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process was conducted inside an acrylic chamber at ambient temperature and
atmospheric pressure. The conditions used for EHDA are summarized in Table S1.
Scanning electron microscopy (SEM) analysis (see below) was used to
preliminarily determine the formation of particles or fibers and adjust the conditions.
2.2.2. Coaxial electrohydrodynamic atomization (CEHDA). The coaxial needles
system consisted of two concentric stainless steel needles with outer/inner
diameters of 1.40/1.10 mm and 0.70/0.40 mm. The outer and inner nozzles were
used for feeding of the organic and aqueous solution, respectively. Briefly, PCL14
(1 g) was dissolved in the corresponding solvent (10 mL) as described above,
placed in a 10 mL syringe and infused at a constant flow rate through Teflon tubing
connected to the outer needle. Concomitantly, the aqueous phase (5 mL) without
and with ddl (25 mg/mL) was infused using a second pump through the inner
needle. To improve the formation of core-shell particles, additional organic solvents
were evaluated: DCM, DCM:ACN (75:25) and DCM:ACN (50:50). The outer/inner
flow rates ratio plays an important role in the stability of the cone-jet and the droplet
size."” Two flow rates for the outer phase (1.00 and 0.50 mL/h) and three flow rates
for the inner phase (0.50, 0.25 and 0.10 mL/h) were tested. The first was fixed
when the second was varied and vice versa. Highly positive voltages were applied
to the coaxial system until a stable cone-jet mode was formed and a negative
voltage (-4.00 kV) was applied to the collector. The collector was placed at a
distance of 30 cm from the needles tips. The experimental conditions assayed in
CEHDA are summarized in Table 1. Considering the solutions concentrations and
processing parameters used and the yield, a production rate of approximately 0.02

g/h was obtained.
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2.3. Characterization of the particles

2.3.1. Scanning Electron Microscopy (SEM). The morphology and the
topography of ddl-free particles and ddl-loaded particles were visualized by SEM
using a JEOL JSM-6460LV microscope (JEOL USA Ltd., Peabody, MA, USA).
Prior to analysis, samples were metallized with a thin layer of gold (Denton
Vacuum Desk Il Metallizer, Denton Vaccum LLC, Moorestown, NJ, USA).

2.3.2. Attenuated Total Reflectance/Fourier Transform-Infrared Spectroscopy
(ATR/FT-IR). To qualitatively assess the encapsulation of ddl within the particles,
samples were analyzed by ATR/FT-IR (Nicolet 380 ATR/FT-IR spectrometer,
Avatar Combination Kit), Smart Multi-Bounce HATR with ZnSe crystal 45°
reflectance (Thermo Scientific, Inc., Waltham, MA, USA) in the wavenumber range
between 4000-600 cm™ (15 scans, spectral resolution of 4.0 cm™). The following
samples were studied: (i) pure PCL14 and free ddl, (ii) a representative PCL14:ddl
physical mixture containing the same composition of the particles and (iii) ddl-
loaded particles. Spectra were obtained using the OMNIC 8 spectrum software
(Thermo Scientific, Inc.).

2.3.3. Differential Scanning Calorimetry (DSC). The thermal analysis was
performed by DSC (Mettler-Toledo TA-400 differential scanning calorimeter,
Columbus, OH, USA). Samples (~5 mg) were sealed in 40 yL Al crucible-pans
(Mettler ME-27331, Greifensee, Switzerland). The thermograms of pure PCL14, free
ddl and ddl-loaded particles were obtained in a simple heating temperature ramp
between 25 and 210°C (10°C/min) under dry nitrogen atmosphere. The degree of
crystallinity (%C) of ddl and PCL44 in the particles after the process was calculated

from Equations 1 and 2, respectively
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%C 0 = i:?—j; X 100 (1)
AHyp—
%CPCI. - ﬁ bt 1{]{] (2)

Where AH,.qq is the melting enthalpy of ddl and AH,,.p¢; is the melting enthalpy of
PCL+4 obtained from the thermal analysis of the different samples normalized to
the content of each component in that specific sample and AH%,.4r and AH®.pcL
are the values of melting enthalpy of 100% crystalline ddl and PCL14, respectively.
All the enthalpy values are expressed in J/g.

2.3.4. X-Ray Powder Diffractometry (XRPD). The crystallinity of different samples
was analyzed by XRPD using an X-ray diffractometer (PANalytical X'Pert PRO
diffractometer, PANalytical BV, Almelo, The Netherlands) equipped with a PW3710
unit, system of soller slits and monochromator reception. An X-ray generator
(Philips PW 1830, PANalytical BV) with a Cu anode, a voltage of 40 kV and a
current of 40 mA was used. Diffractograms of pure PCL14, free ddl and ddl-loaded
particles were recorded in the 26 range 5° to 75° with a step angle of 26 0.02° and
count time of 1 s at each step.

2.3.5. Loading capacity and encapsulation efficiency. ddl-loaded particles (10
mg) were suspended in DCM (2 mL) and shaken until complete dissolution of the
polymer. Then, phosphate buffer saline (PBS, pH 7.4, 10 mL) was added, the
system vortexed (30 min) to extract ddl and finally centrifuged (5,000 RPM, 1 h) to
isolate the aqueous phase that was diluted in PBS to determine the concentration

of ddl by UV-visible spectrophotometry (A= 249 nm, CARY [1E] UV-Visible
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Spectrophotometer Varian, Varian, Inc., Palo Alto, CA, USA), at 25°C. A calibration
curve was obtained from ddl| solutions in PBS with a linearity range between 5 and
30 pg/mL (R? >0.9997). Measurements were performed in triplicate and results are
expressed as mean £ S.D. The statistical method was the unpaired Student’s t-test
(p <0.05). The loading capacity (%LC) of the ddl-loaded particles was calculated

from Equation 3

%LC = @ X 100 (3)

Ve

Where Wy is the weight of ddl in the particles and Wp is the total weight of
particles collected.
The %EE of the ddl-loaded particles was calculated according to Equation 4

LCp
LCr

%EE = X 100 (4)

Where LCp is the loading capacity of particles and LCr is the theoretical loading
capacity of particles.

2.4. In vitro ddl release. An appropriate amount of particles containing
approximately 2.5 mg of ddl was suspended in PBS (pH 7.4, 20 mL) at 37°C £ 2
and maintained under moderate magnetic stirring (200 RPM) for 120 min. At
predetermined time intervals (10 min), an aliquot of the release medium (1 mL)
was withdrawn and centrifuged (13,000 RPM, 5 min) for ddl analysis and replaced

by fresh medium pre-heated at 37°C. The released ddl amounts were quantified by
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UV-visible (see above) and corrected by the volume of release medium withdrawn.
Assays were carried out in triplicate and the results are expressed as mean + S.D.

2.5. Oral pharmacokinetics. Oral bioavailability studies were conducted in male
Wistar rats (weighing between 250 and 300 g) under strict controls and according
to the guidelines of the “National Institute of Health Guide for the care and use of
laboratory animals” publication NIH N° 80-23/96 and national regulations. All efforts
were made to prevent the suffering of animals and reduce the number of
individuals employed in each experiment. Animals were maintained on 12 h
light/dark cycles at 22 £+ 2°C with the air adequately recycled. They received a
standard rodent diet and water ad libitum and were fasted overnight (12 h) before
the studies. Two types of systems were systematically compared: (i) ddl aqueous
solution and (ii) ddl-loaded particles obtained by CEHDA. Each group consisted of
four animals and the administered ddl dose and volume were 20 mg/kg and 4
mL/kg, respectively; the ddl concentration in the formulation was 5 mg/mL. An
appropriate amount of particles (containing the amount of drug according to the
required dose per animal weight) was suspended in the corresponding volume of
distilled water (4 mL/kg) and vortexed (5 min) immediately before administration.
Formulations were administered to conscious rats through a stomach tube
(gavage). At predetermined time intervals (5, 10, 15, 20, 30, 45, 60, 90, 120, 180,
240, 360 and 720 min) blood samples (70 pL) were collected from the tail vein. The
total blood volume extracted (approximately 900 uL) was significantly smaller than
the maximum recommended (3.5 mL), and therefore we assume that the volemia
decrease did not affect the pharmacokinetic parameters calculated for ddl. The

extraction technique of ddl was a modification of a previously reported one.?
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Samples were centrifuged to isolate plasma (10,000 RPM, 10 min). Then, 20 uL of
plasma was deproteinized with MeOH (20 pL) and zinc sulfate (10% w/v, 2 pL)
followed by vortex (2 min) and centrifugation (10,000 RPM, 10 min). The
concentration of the drug in plasma was determined by High Performance Liquid
Chromatography (HPLC). For this, an isocratic regime previously validated was
used with slight modifications,?* using a UV detector (A = 249 nm, UVIS 204
Spectrophotometer, Linear Instruments, Reno, NV, USA) and a Phenomenex Luna
5 um, C18, 150 mm x 4.60 mm column (Phenomenex® Gemini-NX, Torrance, CA,
USA). The mobile phase composed of 0.01 M sodium acetate:MeOH (95:5, pH
6.5) was pumped at a flow rate of 1.2 mL/min. The calibration curve used to
measure the ddI concentration was in a range from 0.16 to 5 ug/mL (R? >0.9997).

2.6. Evaluation of in vivo data. Non-compartmental analysis of ddl plasma
concentrations was performed using the TOPFIT program (version 2.0, Dr. Karl
Thomae Gmbh, Schering AG, Goédecke AG, Germany). Parameters were log
transformed to reduce heterogeneity of the variance and further compared by
unpaired Student’s t-test (p <0.05). Statistical analysis was performed using
GraphPad Prism version 6.01 (GraphPad Software, San Diego, CA, USA). The
inter-individual variability was assessed by calculating the coefficient of variation
(CV%). The following pharmacokinetic parameters were estimated: (i) the
maximum plasma concentration (Cmax), (ii) the time to reach the maximum plasma
concentration (tmax), (iii) the area-under-the-curve between the administration time

and 1 h (AUCy.1), (iv) the area-under-the-curve between the administration time
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and infinite (AUCo..), and (v) the elimination rate constant (k.). The relative oral

bioavailability (F,) was calculated from Equation 5.%°

AUCp

%F, = X 100 (5)

AUCg

Where AUCp and AUCk are the AUC. values of the ddl-loaded particles and the

ddl aqueous solution as 100% bioavailability, respectively.

3. RESULTS AND DISCUSSION

3.1. The rationale

Polymeric microparticles have been shown to protect drug cargos from
physicochemical insults in the gastrointestinal tract, modulate their release rate and
increase their oral bioavailability.***” However, the encapsulation of drugs that are
highly water-soluble in a broad pH range such as ddl (solubility of ~30 mg/mL at

pH values was below its pK, of 9.12)*%3

within polymeric microparticles employing
conventional methods is usually an inefficient and non-scalable process. Both
electrospinning (generation of fibers) and electrospraying (generation of particles)
are based on the same principle, ' though the difference between both techniques
lies in the density of polymer chains entanglements of the polymer solution.’
Regardless of the great potential of this technique, the production of drug-loaded
particles still remains a quite unexplored field when compared to electrospinning.39
PCL is a biodegradable aliphatic polyester that owing to very good biocompatibility,
relatively low cost and easy synthesis has received a great deal of attention for the

40-42

production of drug delivery systems and has been already approved by the US-
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FDA and the European Medicines Agency for use in pharmaceuticals.*® In this
work, we investigated the versatility of electrospraying for the production of ddl-
loaded PCL microparticles and assessed the oral bioavailability of the drug. In this
framework, we initially explored EHDA to adjust the most critical parameters of the
production process. Then, we developed a CEHDA technique that allowed the
efficient incorporation of dd| within the core of the polymeric particles.

3.2. Production of ddI-free particles by EHDA

The first step was the selection of a suitable organic solvent or mixture of solvents
for the production of particles with the desired morphology. For this, we considered
the boiling point (BP, and the evaporation rate) and the electrical conductivity (K) of
several organic solvents. Both intrinsic properties have been reported to allow the
manipulation of the particle morphology.>®***° Solvent evaporation from the
droplets involves a combination of heat/mass transfer processes.?® A solvent
displaying low BP (e.g., DCM, 40°C) (and fast evaporation rate) would facilitate the
formation of particles with porous or hollow structures."?*%4” Conversely,
solvents with high BP such as DMA (166°C) could result in incomplete evaporation
and partial dissolution of semi-solid particles once they reach the collector.
Regarding K, it is known that an increase in this value leads to a decrease in
particle size due stronger Coulomb repulsion forces and fewer polymer chain
entanglements.?*® DCM shows a lower K value (4.3 x 10" S/cm) than ACN (6 x
107"° S/cm) and DMA (5.6 x 10 S/cm). Notably, K values that are too low or too
high are detrimental in EHDA.? Therefore, to achieve good solvent evaporation rate
as well as appropriate K, we decided to initially work with a DCM:DMA (75:25)

mixture and expected that a decrease of the solvent evaporation rate due to the
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addition of DMA to DCM would lead to the formation of spherical particles with
smooth (and less porous) texture and better release control of the encapsulated
cargo."'?

Polymer concentration is another key parameter to control the process. The
formation of particles or fibers depends greatly on the polymer concentration that
plays an important role in the chain entanglements regime. When the concentration
is high enough, a significant degree of entanglement is achieved and solid particles
are obtained. This regime is denominated semi-dilute moderately entangled %4
and it was achieved with PCL14 10-15% w/v (Figure S1). In contrast, if the degree
of entanglement is too high, a semi-dilute highly entangled regime is reached and
beaded fibers or fibers are produced,’?* as exemplified for PCLgy 5% and 7.5%
w/v in Figure S2. Experimental data indicated a strong dependence of the polymer
solution viscosity [n] on the polymer molecular weight,48 these parameters affecting
the critical chain overlap concentration (C,,). An increase in polymer molecular
weight reduces the working window to achieve a reproducible electrospray.2 This
phenomenon explains why the use of PCLgy, although in a lower concentration
than PCL44, did not result in the formation of spherical particles. In advance, 10%
w/v PCL+4 was used to further explore this technology.

An additional parameter that can be used to adjust the extent of solvent
evaporation is the TTC distance. A short distance can prevent complete solvent
evaporation, resulting in wet particles that collapse and/or coalescence in the
collector. In contrast, an increase of the TTC distance leads to particles with more

spherical morphology because the polymer chains have enough time to diffuse

16
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within the droplet.”? In this work, we did not observe substantial differences
between TTC distances of 25 and 30 cm. Thus, the greatest TTC distance was
selected to ensure a more complete evaporation of the organic solvents, especially
the one with the highest BP. In all the cases, the application of a voltage with
opposite polarity on the collector was meant to concentrate the particles after
formation. Despite the positive results obtained with drug-free systems, significant
differences in the solubility of the hydrophilic drug and the hydrophobic polymer
made the adjustment of the solvent system very difficult. Thus, the more versatile
CEHDA technique was pursued.

3.3. Production of ddI-free and ddlI-loaded particles by CEHDA

Due to a greater number of critical parameters, CEHDA is a more complex and

A% and a

much less popular micro/nanoencapsulation technique than EHD
relatively short history can be tracked in the scientific literature.>® At the same time,
it emerges as a very promising tool to quantitatively encapsulate water-soluble
drugs."”” In EHDA feasibility studies, we established the appropriate polymer
molecular weight and concentration (10% w/v PCL44), collector voltage (-4.00 kV)
and TTC distance (30 cm). To gain further insight into the versatility of the
technique, in CEHDA, other organic solvent systems with different BP and K were
explored. The use of DCM as the outer phase resulted in large porous particles
due to the fast evaporation of the solvent and the incomplete diffusion of the
polymer within the droplet (Figure 3A). These results were in agreement with the
literature.?>***° However, when a DCM:DMA (75:25) mixture was used, particles

coalesced and beaded fibers and fibers were formed (Figure 3B). This is an

interesting observation because the same solvent mixture led to the formation of
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dense solid particles with narrow size distribution in EHDA. This phenomenon
would be associated with the very high K value of DMA that destabilized the
CEHDA system containing an internal water phase with K value (5.5 x 10 S/cm)
that was very similar to that of this organic solvent. In this context, we replaced
DMA by ACN, a solvent with lower BP and K, resulting in non-porous spherical
particles (Figure 3C). Conversely, as explained above, a higher K value of the
organic phase due to a greater content of ACN, made the system instable, as
observed for DCM:ACN (50:50) (Figure 3D). Thus, only when the relative ACN
content in the DCM:ACN mixture was reduced from 50% to 25%, spherical and
monodisperse particles were obtained (Figure 3C). In this configuration, water
served as the driving liquid and played the dominant role in the formation of the jet
and, therefore governed the generation of uniform particles.",’

In CEHDA, the outer/inner flow rate ratio is another parameter affecting the size
and the morphology of the particles.’’ To achieve a stable process, usually the flow
rate of the inner solution is slower than that of the outer one.*? In general, an
intermediate-to-low flow rate that allows the complete evaporation of the solvent,
prevents particle coalescence and results in smaller particle sizes is
preferred.?2'"**** On the other hand, higher flow rates would increase the
production rate. Despite the organic solvent in this work, high flow rates of the
outer phase (1.00 mL/h) led to agglomerated and deformed particles. This is a
drawback to scale-up the process. In this context, multiplexed configurations have
been developed to overcome the low production rate of the single-jet mode.>?%%

The %Yield (ratio between the mass obtained after the process and the total mass

of polymer and drug used, considering flow rate and collection time) was 37.1% +
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3.2. This result was in very good agreement with the literature and stems from the
loss of particles that stick to the chamber walls and thus, do not reach the
collector.®® To improve the production yield, modified devices are currently under
development.®® This constitutes a fundamental step to enable the process scale-up
and the implementation of this new technology under an industrial setting. Based
on the morphological analysis (SEM), the following experimental conditions were
established for the production of drug-loaded particles with more spherical
morphology and nearly monodisperse size distribution: DCM:ACN (75:25) as outer
phase and outer/inner flow rate of 0.50/0.25 mL/h. Subsequently, ddl-loaded
particles were produced by incorporating ddl (25 mg/mL) into the inner phase
solution. SEM analysis showed the generation of spherical particles with narrow
size distribution and deprived of ddl crystals on their surface (Figure 4). These
results strongly suggested the effective encapsulation of the drug.

3.2. Characterization of ddl-loaded particles

3.2.1. Loading capacity and encapsulation efficiency. The %LC and %EE were
quite high with values of 12.2% + 0.2 and 96.8% + 3.2, respectively. These results
confirmed the high potential of CEHDA for the encapsulation of hydrophilic drugs
such as ddl as opposed to conventional single and double emulsion techniques
that resulted in extremely low performances (data not shown). Pertaining to
reproducibility, the non-statistically significant differences (p <0.05) of %LC, %EE
and %Yield obtained for five independent batches confirmed that once the
conditions are established the method is highly reproducible.

3.2.2. ATR/FT-IR analysis. To reveal the presence of free drug on the surface of

the particles, ddl-loaded particles were analyzed by ATR/FT-IR spectroscopy and
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compared to free ddl, pure PCL14 and a representative PCL4:ddl physical mixture
containing the quantitative composition of the particles. Free ddl showed most of
the characteristic bands of hypoxanthine and tetrahydrofurfuryl alcohol: (i) C=0O
stretching at 1705 cm™" characteristic of the purine base, (ii) C-N stretching at 1213
cm™ characteristic of conjugation between the purine base and tetrahydrofurfuryl
alcohol and (i) C-O-C stretching at 1102 and 1062 cm™ of tetrahydrofurfuryl
alcohol.”® Pure PCL4 showed the band of C=0 at 1725 cm™.°®*" The physical
mixture showed the characteristic bands of both the drug and the polymer,
indicating that the drug was detectable by this technique. Spectra of ddl-loaded
particles showed only the characteristic bands of the polymer; e.g., the C=0
stretching was observed without any shifting at 1725 cm™, indicating that the
production process did not altered the degree of crystallinity of PCL14. In addition,
the absence of characteristic ddl bands indicated the effective encapsulation.
These findings were in full agreement with SEM analysis.

3.2.3. Thermal analysis. DSC is an appropriate technique to elucidate the
crystalline or amorphous nature of the encapsulated drug.43 ddl showed a sharp
endothermic peak at 185°C (AH, = 116.5 J/g) (Table 2). This %Csy was
considered 100% crystallinity.?> Pure PCLys displayed the typical melting
endotherm at 61°C (AH,, = 100.3 J/g) that represented a %Cpc. of 71.9% (Table
2); a melting enthalpy value of 139.5 J/g was considered for 100% crystalline
PCL.*® These results were in agreement with the literature.*®°%°° ddl-free particles
showed the characteristic melting endotherm of PCL44 at 56°C (AH,, = 87.1 J/g),
the thermal behavior being similar to that of PCLq4 though with a slightly lower

crystallinity of 62.4% (Table 2). When the drug-loaded particles were analyzed,
20
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PCL14 showed an additional decrease of T, to 55°C and of the related enthalpy to
84.0 J/g (%C = 60.2%), indicating that dd| partially hindered its crystallization. In
the case of ddl, the T, was identified at 191°C (AH, = 102.4 J/g) and the %C was
87.9%. The high crystallinity of the encapsulated drug stemmed from the fact that,
due to the use of CEHDA, it was not encapsulated within a polymer matrix that
might prevent its crystallization but within the core of a hollow polymeric capsule.
3.2.4. XRPD. XRPD analysis was used to complement the DSC analysis. The
diffractogram of free ddl showed the pattern of a crystalline powder with peaks of
characteristic intensities (Figure 5A). Similarly, PCL14 showed the characteristic
pattern of the polymer (Figure 5B). As expected, ddl-loaded particles showed a
diffraction pattern similar to that of pure PCL+4, indicating that PCL+4 was preserved
in a relatively highly crystalline state and that the drug was efficiently encapsulated
(Figure 5C). Otherwise, based on the high %C observed for ddl by DSC, the
characteristic peaks of the drug should have also been apparent.

3.3. In vitro ddl release

A priori, we envisioned that the protection of the encapsulated cargo from
degradation would be intimately associated with the ability of the particles to
sustain its release over time and reduce the direct contact with the gastric medium.
To assess the ddl release kinetics from ddl-loaded particles obtained by CEHDA,
an amount of ddl-loaded particles was suspended in the release medium (PBS, pH
7.4, 37°C), incubated under moderate magnetic stirring for 120 min and the
released ddl amounts monitored. The selection of this release medium relied on
the fact that the degradation of PCL is very slow under the stomach and the gut

conditions, the release mechanism of small drugs from PCL is diffusion®® and ddI
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displays similar aqueous solubility (30 mg/mL) below pH 9.2. Thus, we did not
expect a significant impact of the pH on the release rate. Also, stability studies in
simulated gastric fluid reported elsewhere indicated that ddl concentrations could
not be detected after 2 min (t1, <2 min).61 Thus, a degradation profile instead of a
release one would have been obtained. Finally, since the tnh.x of ddl after oral
administration under fasted conditions is very short (0.50-1.12 h in humans® and
0.16-0.25 h in rats®"®?), the half-life is 1-2 h in both cases,??*>® and we assumed
that only the drug that is released will undergo acid degradation, PBS provided
appropriate conditions to assess the drug release. Results showed that 60% of the
encapsulated drug was released within 10 min, probably due to its highly
hydrophilic nature (Figure 6). It is also known that the burst release of hydrophilic
drugs from PCL delivery systems is more pronounced than for lipophilic ones.®*
This release profile would ensure the partial protection of the encapsulated drug
during the gastric transit.®®

3.4. Oral pharmacokinetics

In order to determine if the encapsulation of ddl within PCL microparticles improves
its low oral bioavailability, the pharmacokinetics of a ddl aqueous solution and an
aqueous suspension of ddl-loaded particles obtained by CEHDA were
comparatively assessed. Particles increased the value of Cnax by 1.82 times with
respect to the ddl aqueous solution (Figure 7, Table 3). A similar trend was
observed for both AUC values (Table 3), resulting in an F, (%) value of 375.9%.
Differences in tnax were not statistically significant; values being between 13 and
14 min. Notably, after administration of the ddl solution, the drug was only detected

in plasma until 240 min, whereas after administration of the particles, the drug was
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detected even at a time point of 360 min (Figure 7). At a later time point (720 min),
the drug was not detected in any samples. These results represented a significant
decrease of k. (p <0.05) from 0.51 h™' for the solution to 0.25 h™' for the particles
and also supported the protection of the encapsulated drug to a relevant extent. At
the same time, it should be noted that another mechanism that could contribute to
reduce the drug clearance was the significantly higher Cnax attained with the
particles. Further studies employing mucoadhesive particles that adhere to the
intestinal epithelium would not only protect ddl from gastric degradation but also
prolong its release toward drug delivery systems that enable a reduction of the

administration frequency, a pending agenda in HIV.%®

4. CONCLUSIONS

In the present work, we developed a CEHDA method for the effective
encapsulation of a highly water soluble drug, ddl, within PCL particles. In vitro
release assays showed the relatively fast release of the cargo that would be
appropriate to ensure the more complete absorption over the gastrointestinal
transit. Furthermore, oral administration in Wistar rats of ddl-loaded particles led to
a sharp increase of the bioavailability of almost 4 times with respect to a ddl
aqueous solution. Overall these results highlight the potential of this technology for
the reproducible and scalable production of micro and nanomedicines. On the
other hand, efforts will need to be devoted to improve the process yield and the

rate.
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Tables

Table 1. Conditions for the production of ddI-free particles by CEHDA.

Outer phase Outer phase Inner phase Outer/inner Needle positive
solvent flow rate flow rate flow ratio voltage (kV)
(mL/h) (mL/h)
1 0.50 (2/1) 15.50
0.25 (4/1) 15.50
DCM 050 0.25 (21) 14.50
' 0.10 (5/1) 13.00
1 0.50 (2/1) 20.50
DCM:ACN 0.25 (4/1) 17.50
(75:25) 0.50 0.25 (2/1) 17.50
' 0.10 (5/1) 15.00
1 0.50 (2/1) 18.50
DCM:ACN 0.25 (4/1) 18.00
(50:50) 0.50 0.25 (2/1) 17.00
' 0.10 (5/1) 18.00
1 0.50 (2/1) 20.00
DCM:DMA 0.25 (4/1) 16.50
(75:25) 0.50 0.25 (2/1) 18.00
' 0.10 (5/1) 13.00

Inner phase solvent: Distilled water.
Polymer solution: PCL44 10% wiv.

Needle tip-to-collector distance: 30 cm.

Collector voltage: -4.00 kV.
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Table 2. Thermal analysis of ddI-free particles and ddl-loaded particles obtained by

CEHDA.
Sample Tm (°C) AH.® (J/g) %C? (%)
PCLys ddl PCLy ddl PCLyy  ddl
ddl - 185.3 - 116.5 - 100.0
PCL14 60.6 - 100.3 - 71.9 -
ddl-free particles 55.8 - 87.1 - 62.4 -
ddl-loaded particles 55.3 1905 84.0 1024 60.2 87.9

#AHp, and %C values were normalized according to the relative % weight content of drug and

polymer in each sample.

The value of AH, for 100% crystalline PCL was considered 139.5 J/g.
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Table 3. Oral pharmacokinetic parameters of ddl. The ddl dose and concentration

were 20 mg/kg and 5 mg/mL, respectively (n = 4).

Pharmacokinetic parameters ddl solution ddl-loaded particles
Media CV%  Media CV%
Crax (ng/mL) 1279 34.19 2327 3.63
tmax (Min) 13.75 18.18 13.33 21.65
AUCo.1 (ug/mL/h) 0.82 39.01 1.28 31.73
AUC... (ug/mL/h) 1.91 46.19 7.18* 48.22
Fr (%) 100.0 ND 375.9 ND
ke (h") 0.51 22.79 0.25* 30.59

AUC,_;: Area-under-the-curve between 0 and 1 h.
AUC,...: Area-under-the-curve between 0 and infinite.
k.: Elimination rate constant.

* Difference is statistically significant with respect to the ddl solution (p <0.05).

ND: Not determined.
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Figure 1. (A) EHDA experimental setup, (B) CEHDA experimental setup, (C)
dripping mode (core/shell structure) in CEHDA technique, and (D) formation of

Taylor cone in CEHDA.
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Figure 2. Chemical structure of didanosine.
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Figure 3. SEM micrographs of particles obtained by CEHDA with distilled water as

the inner phase and PCLy 10% w/v in (A) DCM, (B) DCM:DMA (75:25), (C)
DCM:ACN (75:25) and (D) DCM:ACN (50:50) as outer phase. Outer/inner flow

rate: 0.50/0.25 mL/h. Scale bar: (A) and (C) = 10 um; (B) and (D) = 5 um.
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Figure 4. SEM micrograph of ddl-loaded particles obtained by CEHDA using
PCLi4s 10% w/v in DCM:ACN (75:25) as outer phase. Outer/inner flow rate:

0.50/0.25 mL/h. Scale bar = 10 um.
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Figure 5. XRPD diffractograms of (A) free ddl, (B) pure PCL14 and (C) ddl-loaded

particles obtained by CEHDA.
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Figure 6. Cumulative release of ddl from ddl-loaded particles obtained by CEHDA
using distilled water as the inner phase and PCL 10% w/v in DCM:ACN (75:25) as

outer phase. Results are expressed as mean = S.D. (n = 3)
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Figure 7. ddl plasma concentration (ng/mL) after administration of ddl aqueous
solution and ddl-loaded particles obtained by CEHDA. The ddl dose and
concentration were 20 mg/kg and 5 mg/mL, respectively. Results are expressed as

mean + CV% (n = 4).
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